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INTRODUCTION

In eukaryotes, only a small fraction of the genome codes for
proteins. The majority of the transcriptional output, up to
90%, consists of RNA that does not code for proteins (6).
Major developmental and evolutionary differences between
humans and other primates are thought to be caused by the
action of regulatory noncoding RNAs originating from inter-
genic and noncoding regions. In addition, substantial antisense
transcription from protein-coding regions in human cells has
been reported (6, 33). These transcripts are called natural
antisense RNAs (asRNAs) or cis-encoded natural asRNAs.
Considerable antisense transcription has also been observed
for mice (21.9 to 72% of all genes) (39, 112), Saccharomyces
cerevisiae (27%) (17, 109), Drosophila melanogaster (16.8%)
(112), and Arabidopsis thaliana (7.4%) (34), yet the functional
relevance, if any, remains to be understood.

Until very recently, the transcriptomes of bacteria appeared
to be much simpler, mainly because the bulk of the genomes
consist of protein-coding genes. However, this picture is cur-
rently changing dramatically because of accumulating evidence
from transcriptome studies suggesting that extensive antisense
transcription also occurs in bacteria. Bacterial transcriptomes
seem to be unexpectedly complex, with frequent antisense as
well as inter- and intragenic transcription (18, 60, 72, 76). For
some bacteria, even the majority of the genomic output on the
RNA level seems to be noncoding (e.g., see references 60 and
76). In Synechocystis sp. strain PCC6803, �65% of all different
individual transcripts are noncoding RNAs (ncRNAs),
whereas the genome is 87% coding (60).

Naturally occurring asRNAs were first observed in bacteria
more than 30 years ago (38, 47) and were postulated even
earlier for bacteriophage � (85). In archaea, the first case of
the antisense control of gene expression was reported in 1993
for the extremely halophilic Halobacterium salinarium, lyso-
genic for phage �H, with an asRNA complementary to the first
151 nucleotides (nt) of the transcript T1 (88). Initially, the few
examples of well-studied prokaryotic chromosome-, plasmid-,
and phage-encoded asRNAs were considered to be exceptions
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rather than the rule. However, these examples illustrated that
natural antisense transcripts are present in all three kingdoms
of life, although in recent years, they have been investigated
largely for eukaryotes.

New evidence suggests that the regulation of gene expres-
sion through cis-encoded asRNAs constitutes a distinct layer of
control in bacteria. Here, we review this recent evidence within
the context of this rapidly advancing field of molecular micro-
biology and aim to present a comprehensive view. Computa-
tional and experimental approaches for the discovery and char-
acterization of bacterial regulatory noncoding RNAs and their
targets have been reviewed recently (2, 4, 77, 84, 92) and are
outside the scope of this review.

NEW EVIDENCE FOR SUBSTANTIAL NUMBERS OF
DISTINCT asRNAs IN BACTERIA

Antisense transcription in bacteria did not become the focus
of systematic genome-wide analyses until very recently, mainly
because of three technical problems. Two of these problems
are the lack of robust bioinformatic algorithms to specifically
predict asRNAs and the fact that the measurement of anti-
sense transcription in microarray analyses was thought to be an
experimental artifact generated during cDNA synthesis (68).
The third problem was the interpretation of experimental data.
The earliest systematic study suggested that antisense tran-
scription occurred in 3,000 to 4,000 open reading frames
(ORFs) in Escherichia coli (75). Because such a low level of

transcription was reported to occur virtually throughout the
genome (75), it was considered difficult to differentiate
asRNAs with regulatory functions from transcriptional noise.
Georg et al. (27) demonstrated that it is possible to overcome
all three obstacles by (i) the direct labeling of RNA instead of
cDNA prior to hybridization on tiled microarrays to avoid
unintended second-strand synthesis, (ii) rigorously comparing
the results to computational predictions, and (iii) focusing on
very highly expressed asRNAs. As a result, the experimentally
confirmed number of highly expressed asRNAs in the model
cyanobacterium Synechocystis PCC6803 was raised from 1 (21)
to 73; an extrapolation suggested that at least 10% of all pro-
tein-coding genes are associated with an asRNA (27). Thus,
the view on how to study antisense transcription in bacteria is
changing due to progress in high-throughput RNomics meth-
ods such as tiling microarrays, direct RNA-labeling methods
and, in particular, RNA deep sequencing.

A recent transcriptome analysis based on Illumina sequenc-
ing confirmed that widespread antisense transcription also oc-
curs in E. coli by identifying about 1,000 different asRNAs (18).
Using Rho factor chromatin immunoprecipitation and mi-
croarray (ChIP-chip) analysis, it was established that 25 E. coli
asRNAs rely on Rho-dependent termination (69). The pausing
of the RNA polymerase during Rho-dependent termination
could be important for the mechanism of transcriptional inter-
ference (67), as we discuss further below.

Using microarrays, the transcriptome of Bacillus subtilis was

FIG. 1. Antisense transcription is a hallmark of gene expression in all three domains of life. The number of reported antisense transcripts is
plotted as a percentage of the total number of genes in the selected bacteria (1, 5, 23, 27, 31, 41, 49, 54, 60, 71, 72, 74–76, 81, 99, 110), various
eukaryotes (17, 34, 39, 112), and archaea (91, 107). Dashed boxes indicate that publications with different numbers of asRNAs exist for a distinct
organism (e.g., B. subtilis and Mus musculus). In the case of E. coli, the authors speculated that the high incidence of antisense transcription could
be representing background transcription throughout the genome (75). The percentages are either directly stated in the respective publications or
roughly calculated using the asRNA number and the number of annotated genes. H. sapiens, Homo sapiens.
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found to encompass asRNAs for 18% of a selected set of 506
genes (49) and 2.9% of all genes (72), and a recent differential
RNA-Seq (dRNA-Seq) analysis revealed 29 asRNAs (37) that
partially overlap with those found previously with high-density
microarrays (72). For Synechocystis PCC6803, Mycoplasma
pneumoniae, Sinorhizobium meliloti, Geobacter sulfurreducens,
Vibrio cholerae, Chlamydia trachomatis, Pseudomonas syringae,
and Staphylococcus aureus, antisense transcription rates were
reported to be approximately 26.8%, 13%, 2 to 11%, 5.6%,
4.7%, 2.7%, 2.2%, and 1.3%, respectively (1, 5, 23, 27, 31, 54,
60, 71, 74). Additionally, 6.1% of all genes in the archaeon
Sulfolobus solfataricus have asRNAs (Fig. 1) (107). The com-
pact genome of the human pathogen Helicobacter pylori was,
until recently, considered to be virtually free of noncoding
RNA, including asRNAs. However, in studying the composi-
tion of its transcriptome by a combination of pyrosequencing
and Illumina deep sequencing, along with introducing a novel
approach to select for the 5� end of primary transcripts
(dRNA-Seq), Sharma et al. (76) found asRNAs for 46% of all
annotated open reading frames. This observation is important
because Helicobacter pylori has a very compact genome
(1,667,867 bp [96]) and because this study was the first in which
a bacterial transcriptome was analyzed exhaustively. Moreover,
these data revealed that antisense transcription is an active,
nonrandom process resulting from the genome-wide initiation
of transcription rather than from read-through at leaky tran-
scriptional terminators (76).

Thus, a closer look at the bacterial kingdom shows that
asRNAs are present in a wide range of individual species and
families, and the likely ubiquitous distribution of asRNAs
throughout the bacterial kingdom becomes obvious. It should
be noted that the reported percentages of antisense transcripts
in various bacteria (Fig. 1) indicate only current knowledge
and will most likely change with further high-resolution tran-
scriptome analyses. Observed differences in the percentages of
antisense-associated genes might be strain specific or due to dif-
ferences in experimental designs. In the case of RNA-Seq studies,
the coverage should be high enough to saturate the whole tran-
scriptome; otherwise, the number of asRNAs detected scales with
the total number of reads rather than with genome size or actual
numbers. Conversely, a subset of the reported RNAs could well
be artifacts of cross-hybridization, second-strand synthesis, or
other issues, which necessitates verification by complementary
methods. Hence, the above-mentioned numbers are not perfectly
comparable, but they give an overview and are the basis for
further discussions. Compared to eukaryotes and archaea, it turns
out that antisense transcription is as common in bacteria as it is in
the other two domains of life (Fig. 1).

VARIOUS TYPES OF ANTISENSE TRANSCRIPTS
IN BACTERIA

Bacterial asRNAs are rather diverse, and there is no gener-
ally shared feature other than the fact that transcription occurs
from the antisense strand of a known transcriptional unit.
However, they can be roughly classified based on their location
as 5�-overlapping (divergent, head to head), 3�-overlapping
(convergent, tail to tail), or internally located asRNAs. Tran-
scripts from protein-coding genes with long 5� or 3� UTRs
(untranslated regions), which overlap substantially with the

mRNAs originating from other genes (e.g., in Listeria [62, 94],
Synechocystis PCC6803 [27], and Anabaena sp. strain PCC7120
[36]), constitute an elegant way to achieve a regulatory con-
nection between neighboring genes. In Anabaena PCC7120,
the alr1690 gene has an extremely long 3� UTR that overlaps
the full length of the gene for the ferric uptake regulator furA.
Indeed, in an �alr1690 strain, increased levels of the Fur pro-
tein and an iron deficiency phenotype were observed (35, 36).
For other asRNAs, the longer part of the transcript lies anti-
sense to a gene, but the nonoverlapping part may contain a
small open reading frame, as in the case of as_slr0882 in Syn-
echocystis PCC6803 (27). Another example is the Pseudomonas
fluorescens PF0-1 gene iiv14 (cosA), which overlaps the Pfl_0939
reading frame with 987 nucleotides of its 1,020-nucleotide total
length. Both of these mRNAs are translated into proteins, and
the product of cosA was demonstrated to be important for the
efficient colonization of soil (80). Finally, there are also short
asRNAs which overlap only the 5� UTR of a gene (SyR7 in
Synechocystis PCC6803 [27] and SymR in E. coli [40]) and that
have some hallmarks of trans-acting noncoding RNAs. These
observations demonstrate the extensive functional overlap with
respect to the biological mechanisms involved with mRNAs,
trans-acting noncoding RNAs, and asRNAs.

The sizes of asRNAs are very diverse. There are examples of
rather short asRNAs of only 100 to 300 nt (e.g., SymR [40],
GadY [66], and SyR7 [27]), but many asRNAs are substantially
longer, ranging from 700 to 3,500 nt (3, 22, 27, 48, 86, 94). At
least one example, in Prochlorococcus sp. strain MED4, is as
long as 7,000 nt, overlapping 14 genes of a ribosomal protein
operon (86). The steady-state levels of asRNAs range from
being barely detectable to being in high abundance. For Syn-
echocystis PCC6803, some asRNAs were reported to accumu-
late to levels comparable to those of strongly expressed pro-
tein-coding genes such as amt1, a gene that encodes an
ammonium transporter (27).

MECHANISMS OF asRNA ACTION IN BACTERIA

Whereas knowledge of the number of chromosomally en-
coded cis-antisense RNAs in individual bacteria is rapidly ad-
vancing, information on the molecular mechanisms of individ-
ual asRNAs is growing at a much slower pace. In spite of this,
functional characteristics have been well established for several
phage- and plasmid-encoded asRNAs (for reviews, see refer-
ences 8 and 102) and many trans-acting noncoding RNAs.
Experimental analyses of a small number of chromosomally
encoded asRNAs demonstrated that some of these functional
mechanisms also apply to asRNAs. On the other hand, there
are mechanisms that can uniquely be employed by asRNAs
only. An overview of functionally characterized asRNAs is
discussed below in detail and is summarized in Table 1.

Alteration of Target RNA Stability

The interaction of an asRNA with its target RNA alters the
secondary structure of both interacting molecules and results
in duplex (double-stranded RNA [dsRNA]) formation. Those
structural changes influence the stability and half-life of the
RNAs, with various outcomes. In some cases, duplex formation
results in the rapid and complete degradation of both RNAs. A
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prominent example is the 77-nt OOP asRNA of the � phage.
The RNA is complementary to the 3� end of the � cII-repres-
sor mRNA. The overexpression of the OOP asRNA from a
plasmid vector results in an RNase III-dependent cleavage of
the cII mRNA, initially at two sites, one in the 3� end of the
coding region and one in the cII and O gene intergenic region
(44–46).

The isiA/IsrR sense/antisense pair of Synechocystis
PCC6803. A well-studied example of codegradation is the isiA/
IsrR sense/antisense pair in Synechocystis PCC6803 (21) (Fig.
2). The IsiA protein belongs to the iron stress response regu-
lon, and the expression of IsiA results in a massive reorgani-
zation of the photosynthesis apparatus (21) by the formation of
ring-like structures around photosystem I. Thus, the expression
of isiA requires tight regulation, which is in part achieved by
IsrR. The transcript accumulations are strictly inversely related
to each other, and therefore, both RNAs exist as almost mu-
tually exclusive species. The asRNA IsrR is transcribed from a
constitutive promoter, whereas the transcription of isiA is in-
duced upon iron, redox, or light stress. When both species are
expressed simultaneously, they form an RNA duplex that is
immediately degraded by an unknown mechanism. Therefore,
the message cannot accumulate until the number of isiA
mRNA molecules titrates out the number of asRNA mole-
cules. The overexpression of both the asRNA as well as the isiA
fragment complementary to IsrR in trans also results in a
knockdown of its respective counterpart. Interestingly, the sin-
gle-stranded molecules alone are very stable, with a reported
half-life of more than 45 min for IsrR (50). As a result, IsrR
causes not only a delay of isiA expression in the early stress
phase but also a faster depletion of isiA during recovery from
stress, when the transcription of isiA ceases. This mode of
regulation is known as the “threshold linear response” (50) and
is discussed below. The extraordinarily long half-life of IsrR
under standard conditions has the implication that a high
steady-state level of the asRNA could be maintained with a
moderate or low rate of de novo transcription. Consequently,
threshold regulation by IsrR is very efficient from an energetic
point of view.

E. coli GadY asRNA. The interaction of mRNA and asRNA
does not necessarily result in rapid degradation. An RNA
duplex can also generate a specific processing site, which may
lead to a translationally inactive mRNA or yield a mature or

stabilized form of the mRNA. The E. coli GadY asRNA is
involved in the response to acid stress. Its gene lies antisense to
the 3� end of gadX, which is an activator of the glutamate-
dependent acid resistance system (gad system) (66) and was
originally named IS183 (93). GadY posttranscriptionally con-
trols gadX levels by inducing the cleavage of the bicistronic
gadXW message (Fig. 3A). Processed gadX and gadW mRNAs
alone have an enhanced stability (65, 97). The processing ma-
chinery has been investigated in more detail. Of the five known
E. coli RNA endonucleases, only RNase III, and not RNase E,
G, BN, or P, seems to be involved. The factor inferring the main
activity could not be detected (65), raising the possibility of thus-
far-unknown proteins being involved in regulatory RNA mecha-
nisms. However, in another study the levels of GadY and gadX
mRNA were significantly decreased in an RNase E knockout
strain in comparison to controls, and the survival of the cell under
acid stress conditions was reduced, indicating that RNase E is
somehow necessary for processing (90).

Despite the lack of a larger number of well-characterized
examples, there are likely to be more asRNAs that contribute
directly to target stabilization or positively influence target
expression.

Interplay between bacterial asRNAs and RNase E. Evidence
for an interplay between asRNAs and RNase E was found,
with asRNAs overlapping the 5� region of an mRNA that
inhibits RNase E-dependent decay, at least in vitro (56).
asRNA-dependent protection from RNase E was also suggested
to be involved in the phage-host interplay. In the cyanobacte-
rium Prochlorococcus MED4, infection by the lytic phage P-
SSP7 triggers a shortened half-life of most host mRNAs. This
process is likely supported by the upregulation of host RNase
E, as evidenced by its increased mRNA level (53). In addition,
the levels of 40 other mRNAs increased upon phage infection,
raising the question of how these mRNAs were selectively
upregulated or stabilized. Interestingly, some of these mRNAs
have extraordinarily long asRNAs (up to 7 kb) that are coin-
duced (86). The interaction of these long asRNAs with their
complementary polycistronic mRNAs masks RNase E cleav-
age sites and prevents RNase E-dependent degradation (86). It
is so far unclear if the asRNAs are a host defense mechanism
or if they are hijacked by the phage to ensure the expression of
important host factors (86).

RNase E is also involved in the asRNA-dependent degra-

FIG. 2. Mechanisms of bacterial asRNAs: codegradation of IsrR together with its target, the mRNA isiA, in the cyanobacterium Synechocystis
PCC6803. The asRNA IsrR originates from the central part of the isiA gene from a constitutive promoter (Pcons). The isiA gene is under the control
of the inducible promoter Pind. Under early-stress conditions, isiA transcription becomes activated. Both transcripts are codegraded. The mRNA
cannot accumulate as long as IsrR � isiA, and no protein is made. When stressful conditions persist, IsrR is still transcribed, but its turnover is
very high, and consequently, it becomes titrated out. The mRNA accumulates, translation occurs, and supercomplexes between IsiA and
photosystem I are formed. As a result, IsrR causes a threshold linear response of gene activation and inactivation, with an initial delay and a fast
degradation after the stress compared to the expected kinetics of gene expression in the absence of the asRNA (blue dashed line).
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dation of mRNAs, as shown for the AmgR/mgtC system in
Salmonella enterica (48). A proposed endonucleolytic mRNA
destabilization pathway by RNase E or other RNases would be
consistent with the function of further bacterial asRNAs.

Modulation of Translation

The enterobacterial symR/SymE sense/antisense pair. In
some cases, the degradation of the RNA is of secondary im-
portance for the suppression of gene expression. An example is
the regulation of the SOS response-induced protein SymE in
enterobacteria. It is thought to be a toxin-like RNA endonu-
clease that is tightly controlled under standard conditions. One
of at least three repression mechanisms requires the asRNA
SymR (40). SymR overlaps the 5� end of the symE mRNA,
including the ribosome binding site and the AUG start codon
(Fig. 3B). Therefore, the formation of a symE mRNA/SymR
duplex is incompatible with the binding of the 30S ribosomal
subunit and prevents the initiation of SymE translation. In-
deed, in an E. coli �symR strain, protein levels increased more
than 7-fold, whereas the mRNA amounts increased only
3-fold. It is not clear if the binding of the asRNA directly
triggers the enhanced degradation of symE mRNA or, rather,

if it is a secondary effect due to the absence of translating
ribosomes on the mRNA. It was shown that RNA decay was
not RNase III dependent (40). Interestingly, the SymR-to-
symE mRNA ratio is 10:1, even after symE induction (40). This
indicates that the repression of symE is not complete and that
SymR may be sequestered by additional targets or that the
binding of the ribosome to the symE mRNA is favored in
comparison to SymR. This example shows that both RNA
degradation and the inhibition of translation can act simulta-
neously and can contribute jointly to the repression of a target
gene.

Regulation of translation may not necessarily include the
ribosome binding site. A similarly negative regulation of trans-
lation is likely for many asRNAs that overlap the ribosome
binding site or the start codon of their target. Furthermore,
recent findings for trans-acting noncoding RNAs showed that
the region sufficient to achieve translation inhibition may not
necessarily include the ribosome binding site. The binding of a
regulatory RNA in a window 5 codons after the start was also
found to inhibit ribosome binding (7). Conversely, binding far
upstream of the ribosome binding site was able to repress
(istR) (16) or induce (dsrA) (57) translation. Extended sense/

FIG. 3. Two mechanisms for bacterial asRNAs that overlap at the 3� or the 5� end of a protein-coding gene. (A) Specific processing of the
gadXW transcript through the asRNA GadY. GadY originates from a gene overlapping the 3� end of the gadX gene that is highly induced during
stationary phase and is dependent on the alternative sigma factor RpoS (66). GadY base pairs with the 3� untranslated region of the gadX mRNA
and confers increased stability through posttranscriptional processing, which allows gadX and gadW mRNA accumulation and increased expression
levels of the downstream acid resistance genes (97). Protein factors involved include RNase III, other so-far-unknown RNases (65), probably
RNase E (90), and possibly Hfq. (B) Inhibition of translation through SymR (40, 41). SymR is complementary over its full length to the symE 5�
UTR, including the ribosome binding site (RBS), and probably causes a block in ribosome binding and, to a lesser extent, enhanced degradation
of the untranslated mRNA. GadY and SymR are drawn according to their RNAfold maximum free energy (mfe) secondary structures.
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asRNA duplexes may also be stable enough to inhibit or slow
down the elongation of the 70S ribosome far downstream of
the translation start site.

Transcription Termination

The Vibrio anguillarum iron transport-biosynthesis operon.
In addition to posttranscriptional mechanisms, there are
also mechanisms that directly influence the transcription of
target genes. The Vibrio anguillarum iron transport-biosyn-
thesis operon, which includes four ferric siderophore trans-
port genes (fatDCBA) and two siderophore biosynthesis
genes (angR and angT), also gives rise to two asRNAs
(RNA� and RNA�) (12, 73, 95, 103, 104) (Fig. 4A).
Whereas RNA� represses fatA and fatB expressions under
iron-rich conditions, RNA� causes the differential transcrip-
tion of the full-length operon fatDCBA-angRT and a short-
ened fatDCBA message (89). The short form is about 17
times more abundant than the long form. RNA� is comple-

mentary to the 3� region of fatA and the 5� end of angR. The
binding of the asRNA to the growing polycistronic fatDCBA
message leads to transcription termination at a potential
hairpin close to the fatA stop codon. This also occurred in an
in vitro transcription assay with the external addition of
RNA�, suggesting that other mechanisms, such as codegra-
dation or transcriptional interference, could be excluded
(89).

RnaG controls the Shigella flexneri virulence gene icsA. An-
other example is the Shigella flexneri virulence gene icsA (virG),
which is controlled by the asRNA RnaG. The asRNA re-
presses the transcription of its target by transcriptional inter-
ference (described below) and by transcription attenuation
(28). The 5� part of the icsA RNA forms two long hairpin
motifs that presumably resemble an antiterminator structure.
The binding of the asRNA to the actively transcribed mRNA
inhibits the formation of the antiterminator and favors the
formation of a terminator hairpin (Fig. 4B). This proposed
mechanism is supported by structural probing experiments.

FIG. 4. Mechanisms of transcription termination by bacterial asRNAs. (A) Organization of the Vibrio anguillarum iron transport-biosynthesis
operon. The asRNA RNA� induces transcription termination at a predicted stem-loop after the fatABCD part of the mRNA (89). (B) Schematic
representation of the virA-rnaG-icsA (virG) locus of the Shigella flexneri pVIN plasmid and visualization of the proposed transcription termination
mechanism (28). The 5� region of the newly transcribed icsA message forms the stem-loop structure AH1 (1), and, without binding to RnaG,
another stem-loop (AH2) is formed. This 5� structure resembles an antiterminator structure (2a), and the full-length mRNA could be transcribed
(3a). When RnaG is present, it forms a heteroduplex with the growing icsA message. This inhibits the formation of the antiterminator structure,
and a terminator hairpin is formed (2b). Subsequently, transcription is attenuated, and a �100-nt abortion RNA is released (3b).
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Furthermore, mutations that avoid base pairing in the termi-
nator stem significantly reduce asRNA-induced transcription
attenuation (28).

Transcriptional Interference

In the fascinating regulatory mechanism of transcriptional
interference, divergently or tandemly transcribed promoters
influence each other. Therefore, the process of transcription is
the point at which regulation takes place, and the resulting
RNA could be a side effect. The recent discovery of a huge
number of asRNAs and other noncoding RNAs in bacteria
also means that there are unexpectedly large numbers of
closely spaced promoters, dramatically increasing the potential
for transcriptional interference.

Three mechanisms (78, 83) that contribute in various
amounts to total interference are discussed below (Fig. 5).

Collision. The collision of two divergently elongating RNA
polymerase complexes results in the premature termination of
one or both transcription events. The clash is not likely to be a
direct steric interaction but rather a longer-distance interac-
tion (e.g., electrostatic) or an effect of the bow wave of posi-

tively supercoiled DNA in front of an elongating RNA poly-
merase (14). There are several possible fates for the RNA
polymerase after the clash, including the dissociation of one or
both complexes, the backtracking of one complex, or a stall of
the polymerases (14, 83). A collision of this type was shown
for the elongating polymerase complexes involved in the tran-
scription of the gal7 and gal10 genes in yeast (70). The model
shows that interference by collisions is most effective when the
distance between the divergent promoters, and, hence, the
overlapping region, is long. Mathematical modeling suggests
that relatively small differences in promoter strengths can re-
sult in a strong asymmetric interference of a stronger “aggres-
sive” promoter on the weaker “sensitive” promoter, especially
in cases where there is a long sequence overlap (83). This fact
is especially interesting given that some asRNAs tend to be
rather long (3, 27, 86, 94). A likely example of the collision
mechanism in eubacteria was found for Clostridium acetobuty-
licum (3). The ubiG-mccBA operon contains genes necessary
for the conversion from methionine to cysteine (Fig. 5A). Con-
sequently, its expression is upregulated in the presence of me-
thionine and downregulated in the presence of cysteine. The
main player mediating this regulation is an asRNA that is

FIG. 5. Transcriptional interference: asRNAs as a by-product of interfering promoters. (A) Proposed collision mechanism for the ubiG-mccAB-
as_mccA system (as_mccA stands for mccA antisense RNA). The two divergently elongating RNA polymerases, transcribing the asRNA and the
ubiG-mccAB operon, collide and give rise to the 1,000-nt fragment for as_mccA, which represents the sole known mechanism of termination. Short
fragments for the mRNA were not detected, indicating a rapid degradation of the prematurely terminated transcript. (B) Promoter occlusion.
(C) The sitting-duck mechanism of transcriptional interference.
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regulated in response to sulfur availability and shows an in-
verse relationship to the ubiG-mccBA message. This asRNA is
up to 1,000 nt long, with three major shorter fragments with
lengths of 700 nt, 400 nt, and 200 nt. Interestingly, the tran-
script ends of the longer fragments do not correlate with ob-
vious terminator structures, nor does the fragment pattern
change in RNase III or RNase J1/J2 mutants, indicating an
alternative termination mechanism and ruling out codegrada-
tion. Nevertheless, destroying the asRNA promoter region also
corrupts the sulfur-specific regulation of ubiG-mccBA, and the
regulation cannot be reestablished by expressing the asRNA in
trans (3). These observations clearly indicate regulation by
transcriptional interference. Interestingly, the transcription of
as_mccA appears to be constitutive, but the accumulation of
the full-length asRNA is controlled by an S-box riboswitch.
The binding of S-adenosylmethionine stabilizes the terminator
conformation of the riboswitch. Without methionine as a sulfur
source, no termination occurs, and full-length as_mccA is ex-
pressed (3). This example strikingly demonstrates the complex-
ity and flexibility of RNA-based gene regulation.

Promoter occlusion. Promoter occlusion occurs when an
elongating RNA polymerase coming from an “aggressive” pro-
moter passes over a “sensitive” promoter element so that it
prevents the formation of an initiation complex at that “sensi-
tive” promoter (Fig. 5B). Mathematical modeling showed that
efficient interference by occlusion normally requires a very
strong “aggressive” promoter, due to the short time window in
which the elongating RNA polymerase blocks the “sensitive”
promoter region by its passage (83). Nevertheless, a study of
the interference of the divergent � phage PR and PRE promot-
ers (67) showed that the pausing of RNA polymerase at a tR1
site (because of Rho-dependent termination) opposite the
“sensitive” promoter strongly enhances interference. That
study also showed that promoter occlusion in combination with
pausing can lead to strong asymmetric interference between
two promoters of an otherwise relatively similar strength.

Sitting-duck interference. With sitting-duck interference,
RNA polymerase bound at an open complex of the “sensitive”
promoter is removed by the collision of another elongating
RNA polymerase complex before the first polymerase can pro-
ceed to elongation (Fig. 5C). Sitting-duck interference seems
to be the major type of interference between the lytic-phase
promoter (pR) and the lysogenic promoter (pL) in bacterio-
phage 186 (10, 83). Modeling studies proposed this mechanism
to be the strongest interference mechanism when promoters
are closely spaced and of moderate strength; the effect is max-
imized when the on-rate of RNA polymerase and the initiation
rate of elongation at the “sensitive” promoter contribute
equally to promoter strength (83).

Environmental Cues and asRNA-Mediated
Regulatory Functions

If there is a regulatory relationship, it appears likely that the
expression level of an asRNA is somehow coupled to the ex-
pression level of the corresponding mRNA. Moreover, as ex-
pected for a regulatory factor, some asRNAs respond to
changes in the environment and hence become differentially
expressed under certain conditions. There are many examples
of environmental conditions impacting the expression of

asRNAs in various bacteria. Prochlorococcus MED4 asRNA lev-
els respond to phage infection and light conditions (86, 87); B.
subtilis asRNA levels respond to sporulation (81); Listeria
monocytogenes asRNA levels respond to O2 concentrations,
temperature (94), or intracellular conditions (62); Synechocys-
tis PCC6803 asRNA levels respond to variations in CO2 supply,
light conditions, and iron availability (21, 27, 60); and S. en-
terica serovar Typhi asRNAs were shown to have growth state-
dependent expression patterns (13).

Mineral homeostasis and pathogenicity. In Clostridium ace-
tobutylicum, the transcription of the as_mccA asRNA is con-
trolled by sulfur availability, and as_mccA in turn controls a
sulfur metabolic operon, as discussed above (3). In addition,
the Synechocystis PCC6803 IsrR asRNA controlling isiA abun-
dance is an example of the regulation of iron homeostasis, and
RNA� and RNA� of V. anguillarum represent another. There
are now several reports of the role of asRNA-mediated regu-
latory effects relevant for the pathogenicity of the correspond-
ing bacteria. The asRNA AmgR of S. enterica is complemen-
tary to the mgtC part of the mgtCBR operon, which is involved
in pathogenicity and Mg2	 homeostasis. AmgR acts predom-
inantly on the mgtC part of the message and is likely a timing
device that dynamically adjusts the levels of MgtC and MgtB,
which may ensure different expression modes of mgtCBR for
host interactions and low-Mg2	 conditions (48). The expres-
sions of both AmgR and mgtCBR are regulated by the response
regulator PhoP, but the mgtCBR promoter has a higher affinity
for the regulator. Thus, low levels of activated PhoP result in
the expression of the mgtCBR message with an MgtC/MgtB
ratio needed for growth under low-Mg2	 conditions and sur-
vival in macrophages. High levels of active PhoP also induce
AmgR expression, leading to the degradation of mgtC and the
realization of a different MgtC/MgtB ratio (48).

In H. pylori, the ureAB operon is posttranscriptionally con-
trolled by a thus-far-unnamed asRNA (105). UreA and UreB
are the enzymatically active subunits of the urease enzyme
necessary for the cytoplasmic pH homeostasis of H. pylori in its
acidic environment. However, the activity of the urease could
be lethal at a neutral pH. Thus, the expression is regulated by
the HP0165-HP0166 two-component system. Under acidic
conditions, HP0166 is phosphorylated and activates the tran-
scription of ureAB into a 2.7-kb mRNA. In contrast, a neutral
pH results in unphosphorylated HP0166, which activates the
expression of the asRNA, leading to the subsequent accumu-
lation of a truncated 1.4-kb ureAB transcript. The asRNA
ensures a rapid shutdown of ureAB expression under neu-
tral-pH conditions (105). The underlying mechanism, e.g.,
asRNA-dependent processing or termination, is so far un-
known.

RNA-RNA INTERACTION AS A PREREQUISTE FOR
asRNA-BASED REGULATION

Except for transcriptional interference, the physical interac-
tion of the asRNA with its target is an essential prerequisite for
any asRNA-based regulatory mechanism. The affinity of two
complementary RNAs and the free energy of the duplex are
given by the length of the RNA-RNA interaction and the
nucleotide composition. At first glance, one would expect that
perfectly complementary RNAs easily form the thermodynam-
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ically favored full-length double-stranded RNA helix. How-
ever, the real situation is more complex. Both RNAs have their
individual secondary structures; all nucleotides buried within a
stable intramolecular helix cannot interact with complemen-
tary bases of a second RNA. Single-stranded or weakly struc-
tured complementary regions are necessary for the first inter-
action step (9, 42, 63). Furthermore, the coding regions of
bacterial mRNAs are frequently covered by elongating ribo-
somes, and finally, both RNAs could interact with RNA bind-
ing proteins, which interfere with asRNA-mRNA interactions.
The importance of structural accessibility is exemplarily illus-
trated by the E. coli Ibs/Sib type I toxin-antitoxin system. Sib
stands for short intergenic abundant sequences, and Ibs stands
for induction brings stasis, and there are five such loci in E. coli
K-12 (25), called IbsA/SibA to IbsE/SibE. The IbsABCDE
toxins are conserved, very hydrophobic, 18- to 19-amino-acid
proteins. Despite the high sequence similarity between the ibs
toxin mRNA sequences, each asRNA (except SibA) recognizes
and represses only its cognate mRNA target. SibC contains
two, likely structurally favored, target recognition domains,
which are responsible for the initial interaction and target
recognition. These domains target highly variable regions in
ibsC and are responsible for the specificity (32).

When a first interaction is achieved, the RNAs likely form a
full-length duplex over a certain time scale, which is then a
substrate for the dsRNA processing RNase III (19). However,
on a relevant time scale, the biologically active asRNA/mRNA
complex is not necessarily the full-length heteroduplex. Several
plasmid-borne asRNAs form functionally relevant four-way
junction structures with their targets (43). Indeed, several
asRNAs discussed in this review do not require RNase III but
rather require RNase E or an unknown RNase for their mech-
anism (90) (SymR [40] and AmgR [48[), which indicates that
there are functional complexes that are not completely paired.

BIOLOGICAL RELEVANCE OF BACTERIAL asRNAs

The examples presented here provide an overview of the
functions of cis-asRNAs in bacteria. In light of the large
number of asRNAs in diverse bacteria, the question arises
regarding what the benefit of asRNA-based gene regulation
is compared with regulatory proteins on the one hand and
trans-acting noncoding RNAs on the other hand.

Quantitative Aspects of Regulation through RNA

Deterministic view. A theoretical framework for the com-
parison of the quantitative aspects of RNA-based (cis-asRNAs
and trans-acting noncoding RNAs) and protein-based gene
regulation has been developed in several studies. Regulatory
RNAs that interact stoichiometrically with their target and are
noncatalytic (i.e., they are codegraded with or sequestered by
their target, e.g., IsrR [21, 50]) can be described by a threshold
linear response model (52) (Fig. 6A and B). For the protein-
based regulation of transcription, target mRNA expression is
always proportional to promoter activity, resulting in a linear
dependency on the protein regulator (52). For RNA-based
regulation, target expression is dependent on the target pro-
moter activity and the number of regulatory RNA molecules
available for posttranscriptional regulation (52). The expres-

sion of the target is, roughly said, repressed as long as the
transcription of the regulator exceeds the transcription of the
target (repressed regime), and its expression increases linearly
when the mRNA concentration outruns that of the regulator
(expressed regime). The threshold is defined by the transcrip-
tion (and degradation) rate of the regulatory RNA and could
be dynamically adjusted by changing the transcription rate
(52). This linear threshold behavior was experimentally veri-
fied for the trans-acting noncoding RNA RyhB and the cis-
asRNA RNA-OUT (52). The quantitative impact of the IsrR
asRNA in the IsrR/isiA system was also investigated theoreti-
cally and experimentally (21, 50). In this case, and in addition
to the threshold linear response, the asRNA causes an expres-
sion delay of the mRNA compared to the other genes in the
same regulon (Fig. 6C). Because of the great impact of IsiA on
the photosynthesis apparatus (21), it is advantageous for the
organism to express isiA later than other iron-stress-inducible
genes. This delay of approximately 17 h (21) is controlled by a
fixed steady-state amount of IsrR, as illustrated in Fig. 6C. In
the case of only a short stress period, the protein is not ex-
pressed at all; in other words, transient input signals are fil-
tered out (Fig. 6C). Furthermore, recovery to the prestress
state is faster due to the rapid depletion of the target by IsrR
and other regulatory RNAs (50, 79).

Shimoni et al. (79) compared the dynamics of regulation by
posttranslational protein-protein interactions, transcriptional
regulation, and posttranscriptional regulation by regulatory
RNAs. If the respective regulators are already present in the
cell when regulation is turned on, RNA-based regulation is
faster than transcriptional regulation but slower than the pro-
tein-protein interaction. However, if the regulators have to be
newly synthesized upon a sudden stress, RNA-based regulation
outperforms the other two mechanisms (Fig. 7A). Hence, this
kind of regulation is advantageous when fast responses are
needed (79). Common to all these models is that the quanti-
tative properties of RNA-based regulation are discussed for a
bacterial population as a whole, in which the measured or
modeled expression values are steady-state levels averaged
over a large number of cells (deterministic view).

Stochastic view of RNA-based regulation. When the focus is
shifted from the deterministic view to the individual consider-
ation of single cells in a population, stochastic effects come into
play. Biological processes like transcription are affected by
stochastic fluctuations, such as transcriptional bursts (29). This
necessarily results in gene expression noise, which describes
how far the expression value for each single cell differs from
the mean gene expression level of the population. The noise of
transcriptional regulation was compared with the noise result-
ing from posttranscriptional regulation by regulatory RNAs
(58). It was shown that regulatory RNA can suppress the ex-
pression of a gene more reliably and with more resistance to
noise than what is possible by transcriptional regulation in the
repressed regime (51, 58) (Fig. 8). This is especially important
when the expressed gene has a great impact on the organism,
such as the cases for isiA (21), symE (SOS response) (40), and
potentially harmful genetic elements such as the toxins in type
I toxin/antitoxin systems (24) or transposons (5, 64, 82). In
contrast, the crossover regime, in which the mRNA and regu-
lator have similar concentrations (near the threshold), is ex-
tremely vulnerable to noise (58) (Fig. 8). This leads to high
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levels of intrinsic noise for intermediate-to-high protein output
levels compared with protein-based transcription regulation. A
systematic investigation of genes with asRNA in yeast showed
that they do indeed have a higher level of gene expression
variability (108). These noise effects should make regulatory
RNAs disadvantageous for the accurate adjustment of protein
concentrations. However, in some cases, the enhanced noise
might be of biological relevance, as it may lead to an enhanced
phenotypic heterogeneity of cells within a genetically uniform
microbial population and probably makes the population as a
whole more resistant to rapid environmental changes. Further-
more, several bacterial cell fate decisions (e.g., persistence and
many bet-hedging strategies) require noise at the decision-
making point (20, 98).

Other Aspects of asRNA-Based Regulation

Previously, other mechanisms of asRNA function such as
transcription termination (28, 89) or transcript stabilization

(66, 90, 97) were investigated only qualitatively. Because the
transcription termination mechanism is not dependent on co-
degradation, this kind of regulation of the catalytic activity of
the asRNA is possible if the asRNA dissociates from its target
after action. In the case of a stoichiometric interaction, quan-
titative parameters can also be described by the threshold
linear response model. Quantitative aspects of transcriptional
interference have been modeled (83), but the focus lies on
factors that influence the interference, whereas aspects of gene
regulation with and without interference have not been dis-
cussed.

Protein regulators such as transcription factors often control
regulons consisting of many genes, and operon structures are
generally transcribed as one unit. asRNAs can be utilized to
fine-tune this rather rough and more global gene regulation.
They can set temporal gene expression thresholds (21, 50) (Fig.
6C) and implement a quantitative adjustment of the mRNA
amounts from genes within an operon (Fig. 7B). This could be
achieved by the specific processing of the polycistronic message

FIG. 6. Quantitative effects of asRNAs on the modulation of gene expression in the threshold linear response model. (A) In the threshold linear
response, the mRNA and its asRNA regulator interact in a stoichiometric way with each other. The transcription rates (�) and the individual degradation
rates (�) define the concentrations of mRNA ([mRNA]) and asRNA ([asRNA]) that are available for interaction with the rate (k) to be sequestered or
codegraded (also see Fig. 2 for the special case of IsrR/isiA codegradation that follows this model) (50). (B) Graphical representation of the threshold
linear response caused by the presence of an asRNA. The threshold is set by the ratio of mRNA/asRNA (52). The black line illustrates the theoretical
behavior if the asRNA and target interact completely and instantly. In reality, there is no sharp transition point, and the actual response depends on the
interaction rate between the regulator and target (illustrated by the gray line). (C) The expression of genes belonging to one and the same regulon is
temporally shifted by the presence of an asRNA. Without an asRNA regulator, a gene is expressed directly upon the onset of a stimulus, and when the
stimulus disappears, the mRNA level declines relatively slowly via its intrinsic turnover rate (blue line, middle). The asRNA facilitates a temporal delay
of gene expression and a faster expression cutoff due to codegradation with its target (red line, middle). If a stimulus is only of a transient nature, e.g.,
because of short-term environmental changes or noise in upstream regulatory loops, it is filtered by the function of the asRNA (right). A.U., arbitrary
units. (The two plots are adapted from reference 50 with permission of Elsevier.)
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(in the case of gadY [Fig. 3A] [66, 90, 97] or AmgR [48]) or by
alternative termination (in the case of RNA� [Fig. 4A] [89]).

Antisense transcription appears to also be important for the
linkage of neighboring gene expression. This could be achieved
by asRNAs that overlap more than one gene, by overlapping
mRNAs, or by bidirectional promoters (as shown for yeast
[108]). This linkage may also extend to the conservation of
gene arrangements on evolutionary time scales, as discussed
previously for the lytic cyanophage S-PM2 that infects marine
Synechococcus strains (59). In this cyanomyovirus, an asRNA

named cyanophage functional RNA I (CfrI) was found linking
two separate genetic elements. One element is the psbA gene
for the viral form of the D1 protein of photosystem II, and the
other is the gene encoding the homing endonuclease F-CphI.
This enzyme serves as the active homing endonuclease for the
self-splicing group I intron located within the phage psbA gene,
as was demonstrated experimentally (111). Therefore, a pos-
sible function was discussed for CfrI as physically connecting
the F-CphI gene to its target intron, driven by a possible
protective function for the psbA 3� exon (59), which might
remain ribosome-free for some time due to the slow splicing of
the intron. Analysis of data sets from the global ocean survey
predicted the presence of CfrI in 9 of the 11 scaffolds tested,
implying an evolutionary conservation of this situation (59).

Finally, asRNAs can suppress gene expression, and they are
part of regulatory circuits that respond to external and internal
signals. There are several examples of genes with more than a
single asRNA (15, 27, 60, 76), and together with regulatory
proteins and other ncRNAs, several input signals can be inte-
grated to adjust the expression of the target gene to the actual
need.

Comparison to trans-Acting Noncoding RNAs

Examples for the various mechanisms used by experimen-
tally characterized asRNAs are summarized in Table 1. Bac-
terial asRNAs show substantial similarities to trans-acting non-
coding RNAs, particularly with regard to mechanisms that
inhibit translation or decrease target stability. Both types of
regulatory RNAs (i) form Watson-Crick hydrogen bonds with
complementary bases in their RNA target, (ii) interact stoichi-
ometrically with their target, and (iii) can be codegraded or
sequestered by interactions with their target.

However, there are also several important differences. (i)

FIG. 7. Dynamic effects of asRNAs on the regulation of gene expression. (A) The speed of a regulatory response to environmental stress
depends on the level at which control is exerted. The plot illustrates an example where the regulators have to be newly synthesized upon stress.
(Adapted from reference 79 with permission of Macmillan Publishers Ltd. Copyright 2007.) In the time window soon after the onset of the
downregulation, posttranscriptional regulation by RNAs is the fastest (gray region). (B) Schematic visualization of an asRNA-regulated, unco-
ordinated expression of genes within an operon, thereby tuning the amounts of gene products made from the different genes. Thus far, this
mechanism has been described only qualitatively (66, 89, 97).

FIG. 8. Predicted effects of asRNAs on the level of biological noise
in gene expression. The noise properties of transcription factor (TF)-
and asRNA (RNA)-based regulation depend on the relative output
protein level. For a low protein output (repressed regime), the noise of
RNA-based posttranscriptional regulation is lower (gray region). For
an intermediate-to-high protein output, the noise of transcriptional
regulation is clearly lower. (Adapted from reference 58 with permis-
sion of Macmillan Publishers Ltd., copyright 2008.)
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asRNAs have complete or extended complementarity with
their target and can form more stable RNA duplexes. This may
have implications for binding kinetics, and the interaction may
be independent of proteins such as Hfq. (ii) asRNAs originate
from the same genomic region as their target. This could be a
key advantage because the space requirements are negligible,
and an organism can theoretically afford one or more RNA
regulators for every single gene without the need for an in-
crease of the genome size. Recent transcriptome studies with
high-throughput methods showed that this situation is not too
far from reality for some bacteria (76). Furthermore, com-
pared to other regulators, new asRNAs should easily originate
during evolution because a small number of point mutations
would yield an active promoter. The sequence complementa-
rity would be automatic. (iii) The cis position has the additional
effect that the asRNA and target are transcribed in close steric
proximity. This should result in an enhanced local concentra-
tion and facilitate interactions. Furthermore, there is evidence
that the spatial pattern of transcription is more important than
was anticipated until very recently. Some mRNAs in E. coli and
Caulobacter crescentus show only limited diffusion from their
sites of transcription, indicating some kind of spatial organiza-
tion (61). (iv) Transcriptional interference relies on transcrip-
tion from closely spaced promoters, and therefore, this kind of
regulation is restricted to asRNAs. Transcriptional interfer-
ence and other asRNA mechanisms can act additively to en-
hance the regulatory effect on the target (28). (v) The remark-
able length of some asRNAs (up to more than 7,000 nt [86]) is
another major difference in comparison to trans-acting non-
coding RNAs. Length could be advantageous for the transcrip-
tional interference collision mechanism (83) or other unknown
mechanisms.

CONCLUDING REMARKS AND FURTHER DIRECTIONS

Recently used techniques such as next-generation sequenc-
ing, dRNA-Seq, and tiling microarrays have made it possible to
determine the complete transcriptome of an organism. Ap-
plied to bacteria, these methods have dramatically changed the
view of antisense transcription to being a common and wide-
spread phenomenon rather than being exceptional. In fact, the
percentage of sense/antisense pairs can be as high as that in
eukaryotes. Surely, new transcriptome projects will further in-
crease our knowledge of the prevalence of asRNAs in bacteria.
Among other observations, it is very interesting that bacteria
with streamlined genomes and reduced sets of regulatory pro-
teins (such as M. pneumoniae [31], H. pylori, and Prochlorococ-
cus MED4 [87]) have substantial numbers of asRNAs. Never-
theless, there are many open questions. (i) Is there a more
frequent association of asRNAs with genes of a particular
functional class, e.g., the class of outer membrane proteins for
trans-acting noncoding RNAs (100)? (ii) The ndhB gene, cod-
ing for a subunit of the NADH dehydrogenase, is associated
with an asRNA in cyanobacteria (60) as well as in chloroplasts
(26), their remote evolutionary descendants. However, these
asRNAs target different regions in the mRNA, and the ques-
tion arises, Are some asRNAs conserved among different or-
ganisms, such as the Yfr1 noncoding RNA in cyanobacteria
(101) or 6S RNA and tmRNA, which are distributed ubiqui-
tously throughout the bacterial kingdom? Or is the evolution

of asRNAs too rapid to establish such conservation? Possibly,
regulation by asRNAs is an evolutionarily fast strategy to cope
with the regulatory needs of individual genes in a distinct host.
(iii) Are there more asRNAs that are translated into proteins,
such as cosA in P. fluorescens, or that form hybrid RNAs, which
are both translated and act as asRNAs? High-coverage pro-
teomic studies will help to answer this question. (iv) In a more
global sense, what are the roles of asRNAs in regulatory net-
works? Are asRNAs (and trans-acting noncoding RNAs) able
to replace lost regulatory proteins in a streamlined genome or
perhaps act in combination with other cis elements like ribo-
switches? (v) There are likely other mechanisms still to be
found. Direct targeting of DNA modifications would be one
possibility. (vi) Which proteins are involved in regulation by
asRNAs? It was shown that a dsRNA duplex is not necessarily
degraded by RNase III (3, 40, 97), and for some mechanisms,
the corresponding RNase is unknown (21, 40). In enterobac-
teria, the RNA chaperone Hfq is necessary for a wide range of
mechanisms employed by trans-acting noncoding RNAs (30).
Some asRNAs also bind to Hfq (55, 82, 97), but does this result
from a general affinity of Hfq for RNA or from a specific
interaction? What other kinds of proteins are involved? An-
other interesting class of proteins is RNA helicases. In Syn-
echocystis PCC6803, the helicase CrhR can catalyze the melt-
ing and the formation of RNA duplexes (11).

Emerging functional data suggest that asRNAs in bacteria
mediate a plethora of effects and are involved in far more
processes than were previously anticipated. Thus, the func-
tional impact of asRNAs should be considered in developing
new strategies against pathogenic bacteria or when optimizing
bacterial strains for biotechnology.
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